Abstract-In this paper, the effects of the locations of four dual-band antennas on a mobile terminal chassis are investigated in the vicinity of user's hand. To perform this study, a dual-band four-port mobile terminal antenna for 5G is designed for operation in between 3.34 and 3.84 GHz (lower band, LB) and 5.15 and 6.52 GHz (upper band, UB), respectively. Due to the symmetry of the antenna elements (AEs), a right hand standard phantom is placed at a fixed position. Meanwhile, the antenna elements are placed at seven different locations across the chassis, with the best possible locations chosen based on the maximum efficiency in data mode. The influence of the human hand on the antenna performance is assessed based on two aspects: 1) in terms of matching (impedance mismatch (IM) and impedance bandwidth (IB)); and 2) in terms of efficiency (radiation efficiency (RE) and total efficiency (TE)). To validate its performance, the proposed antenna has been fabricated and measured. Results showed good agreement between simulations and measurements. Based on the results, a general design guideline for future 5G antennas operating in the sub-6 GHz bands considering user's hand effects can be outlined. The observed maximum variation for the proposed antenna with user's hand in terms of IM is −8 dB and −5 dB, respectively, and 57% and 37% in TE, respectively.
INTRODUCTION
Wireless service providers are suffering from unprecedented limitations in availability of spectrum due to the increase of the use of smartphones and mobile data growth [1] . The carrier frequency spectrum for today's wireless devices is limited, ranging between 700 MHz and 2.6 GHz [2] . Along with the standardization and implementation of the fourth generation (4G) cellular networks, research activities on future generation (5G) communication have emerged in both academia and industry [3] . Multiple input and multiple output (MIMO) and massive MIMO systems are the major components of 5G technology in achieving up to 100 times of bandwidth compared to 4G and Long Term Evaluation-advance (LTE-A) wireless systems. Implementation of smaller devices with improved features continuously complicates the design requirements for engineers. To overcome this issue, the promising solution is to increase the number of antennas which increases the data throughput by using MIMO technique with multi-antenna systems [4] . Multi-antenna terminals are widely available for providing high data rates to meet the demands of the rapidly growing MIMO system requirements [5] . Yet, the ever expanding bandwidth requirements for future mobile communication and the scarcity of antenna real estate in modern user terminals remain very challenging [6] .
Due to the ongoing 5G standardization activities at the moment, their operating frequency bands have not been formally issued. One of the realistic IMT bands announced during the World Radio Communication Conference 2015 (WRC-15) is the C-band between 3.4 and 3.6 GHz [7] . Therefore, investigation on the user's effects in such sub-6 GHz bands is presently a topic of concern to many 5G researchers. The present 3.4 to 3.8 GHz band, which is the combination of LTE band 42 and LTE band 43, is now being widely investigated due to its potential in realizing 5G MIMO by researchers from China (3.4-3.6 GHz) [8] , European Union (3.4-3.8 GHz) [9] , and Korea (3.4-3.7 GHz) [10] . Besides that, another potential sub 6-GHz frequency band for 5G is LTE band 46 (5.1-5.925 GHz), also known as the unlicensed LTE band (LTE-U). Besides designing operational MIMO antennas in these sub-6 GHz bands, an additional step in ensuring operation in the design procedure is investigating the user on these mobile terminal antennas.
In realistic MIMO fading scenarios, a number of factors influencing performance have been investigated in [11] , for instance, received signal to noise ratio (SNR), mutual coupling between antennas, the antenna array configuration, among others [12] [13] [14] [15] . Terminal antennas are required to be robust in real usage, including its applications under user interactions [16] . Cellular telecommunication and internet association (CTIA), which is an international organization representative of the wireless industry, have specified the necessary dimensions of the hand phantom. They also have defined specifications concerning antennas designs with considerations of user's body effect [17] . In particular, user effects need to be considered on the performance of MIMO systems as it detunes the operating frequency of the antennas. Besides that, power absorption which is caused by the proximity of the user's hand varies depending on the antenna type, user hand and grip style [18] . This has also motivated hardware developers to request that these hand models are included in the future regulatory testing to guarantee over-the-air performance in practice [19] . For mobile terminals, the electrical characteristics of the antennas strongly depend on location where they are mounted on the chassis of the phone [20] [21] [22] [23] . The understanding of the combined behavior of both the phone chassis and antenna element is the most vital part of the mobile terminal antenna design process. While the size and location of the antenna can be predetermined based on a volume [24] , the variations of the locations of the user's hands and their distances when the mobile terminal is being held during use are random and may affect its performance in a very different way. However, there is currently no available published effort in systematically characterizing the effects of the antenna-hand interaction based on the locations of terminal antenna in these new 5G frequency bands.
It is expected that the quantification of these interactions can be beneficial for antenna designers to consider and reduce the effect of users in the design process. In this paper, a systematic study on the sub-6 GHz 5G frequencies is performed using an extensive set of simulations to characterize the changes in IM, IB and efficiency due to the user's hand, and quantify the trade-off with the antenna location on the chassis. To perform this study, a dual-band mobile terminal antenna with four ports operational in the sub-6 GHz bands for 5G is first designed. They are operational between 3.34 and 3.84 GHz, and from 5.15 to 6.52 GHz. The main trends of antenna interaction with user hand in terms of impedance mismatch (IM), impedance bandwidth (IB) and total efficiency (TE) in the presence of user's hand are studied. Then, an average radiation efficiency and average matching efficiency is calculated for seven different antenna locations on its chassis. Finally, the optimal choice of antenna element (AE) location is made based on the maximum TE in the presence of user's hand in data mode. To support these observations, the antenna is also fabricated and validated via measurements for comparison to simulation results.
This manuscript is organized as follows. First, the initial antenna structure and results in free space (FS) are presented, followed by the impact of the user's hand on the antenna reflection and radiation characteristics. Next, the results and discussion of the optimal antenna location with different scenarios are presented. Finally, the concluding remarks to this work are presented in the last section of this paper.
ANTENNA STRUCTURE AND PERFORMANCE IN FREE SPACE (FS)
Due to its capability to be implemented in a mobile terminal while adhering to the space constraints, one of the most commonly used antennas for mobile terminals is the planar inverted-F antenna (PIFA). Due to these reasons, it is also chosen as the basis of this work. Figure 1 (a) shows the design of the reference PIFA. Four symmetrical metallic AEs are placed at each corner of a rectangular Rogers RT/Duroid-5880 substrate with a thickness of 1.575 mm and permittivity of 2.2. The total volume of each AE is 18.5 × 8.5 × 4 mm 3 , whereas the metallic conductor is 0.291 mm thick. A slot is optimized across each AE to achieve dual-band operation, whereas further dual-band impedance tuning is performed using a 14.5 mm shorting plate attached on one side of the antenna. In addition to that, a small 3.5 mm bend from the length of the antenna is also used for frequency tuning, beside the feeding point. Firstly, the S-parameters in free space (FS) are extracted and shown in Figure 1 (b). Due to the symmetrical location of the AEs, i.e., S 11 = S 22 = S 33 = S 44 , only S 11 for reflection and for mutual coupling S 12 , S 13 , S 14 , S 23 , S 24 , and S 34 are shown in Figure 1 
IMPACT OF THE USER'S HAND ON ANTENNA REFLECTION AND RADIATION CHARACTERISTICS
In general, users may hold the mobile terminal in a wide variety of ways. Besides the factors related to the grip such as the position of the finger relative to the antenna, the obstructed antenna area and palm-to-terminal distance, the intrinsic properties of the antenna also influence its final performance. These factors include its topology, size, near-field distribution and location on the chassis. However, in a typical usage scenario, degradation in the performance of the antenna can be avoided if the effects of the hand can be predicted and immediately accounted for in the design process. Moreover, the implementation of more than one antenna enables the use of an alternate antenna in the case that the user significantly affects one of them. For full wave simulations, the time domain solver in CST Microwave studio is used to model the interaction between the proposed antenna and SHO3TO6-V3 right hand phantom [25] (ε r = 22.5 at 3-6 GHz) with seven different placements of AEs (see Figure 2 ). This hand phantom exhibits a real human hand and is compliant with CTIA test plan for wireless device over-the-air performance. The antenna is confined in a 1.5 mm thick casing dimensioned at 112 × 57 × 7.7 mm 3 , with a relative permittivity of 2.8. This is to provide a standardized comparison using the worst case interaction, so that a minimal separation to the user is achieved prior to the analyses of IM, IB and TE.
Effect of the Hand Phantom on the Antenna's Operation
The presence of the user in the antenna near-field region is expected to change the antenna's impedance matching and consequently its bandwidth due to the dielectric loading introduced by the tissue. Thus, the different AE locations on the chassis are assessed in terms of IM and IB which are performed using the center frequencies in the lower and upper bands.
Seven different locations are chosen based on the separation distance, D, and this parameter is expressed in terms of free space wavelength (λ) while observing the antenna performance. These values of λ are calculated based on the center frequencies of LB and UB, i.e., λ = 85.7 mm (at 3.58 GHz), and λ = 51.8 mm (at 5.79 GHz), respectively. This parameter is initially determined along the longitudinal axis of the chassis in five 18.5 mm intervals based on the size of the antenna element. This interval translates into D = 0.20λ in the LB and D = 0.23λ in the UB. Next, once the antennas are placed closely enough to each other (based on the changes in total efficiency to simulate the worst case scenario), a more refined 6 mm interval is used to sweep the antenna locations. This is performed for further two separations up to D = 0λ in both LB and UB.
As illustrated in Figure 3 , both bands indicate sensitivity to the hand grip, with significant changes in matching level and shift in resonance. However, the minimum IM and IB changes are noticed when the hand marginally obstructs AE-2, in comparison to other AE locations. In the lower band, a −8 dB maximum deviation in IM level is observed at D = 0.42λ, whereas up to 240 MHz of resonance shift is also observed when the antenna is placed in the vicinity of the user's hand when D = 0.07λ, see Figure 3 . Similarly, in the upper band, a maximum IM of −5 dB is observed for D = 1.06λ, whereas a 390 MHz of maximum shift in resonance is noticed at D = 0.11λ, as seen in Figure 3 . It is obvious that the maximum value of matching is observed without the user's hand, and this value is used as the reference level of antenna matching.
Effects of the Hand Phantom on the Antenna's Radiation Characteristic
The degradation of the antenna performance due to the proximity of the user's hand is evaluated in terms of TE reduction in this section. First, the antenna TE is calculated when the antenna is placed inside the casing, prior to its assessment for the seven different antenna locations on the mobile terminal chassis. Finally, the antenna average radiation efficiency and average matching efficiency are calculated prior to the TE measurements.
Effects of the Casing on Total Efficiency
Next, the effects of TE for the cases of with and without casing are assessed, as illustrated in Figure 4 . The difference in the TE between the two different scenarios is obvious due to the dielectric material of the casing, which changes the electric field distributions of the antenna. 
Effects of the Hand Phantom on Total Efficiency
Another important factor which decreases the antenna efficiency is the absorption of the electromagnetic waves by the human tissue. Besides the performance degradation, such electromagnetic energy absorption by the biological tissues also possesses a potential health risk. Moreover, the full wave EM simulator will not be able to accurately account for material and mismatch losses [8] . This is because when an antenna is placed in the vicinity of or on a lossy medium, its conventional pattern properties cannot be used to derive efficiency due to the medium losses. This is because of medium losses which cause the wave in the far-field region to attenuate more rapidly and finally to zero.
To examine the behavior of efficiency, the characteristics of the AUT are studied using casing and the standard CTIA hand phantom. The effects of the location changes of the antenna on the TE can be observed in Figure 5 . Initially, a high TE in the FS scenario is seen in Figure 5 (a), as expected, due to the absence of the user's hand. Meanwhile, the presence of this hand then deforms the antenna far-field radiation pattern, as seen Figure 5(b) . From this figure, it is also observed that TE is most affected when a thick human hand phantom is placed closer to the AE. The most affected antenna in terms of TE is AE-3. Besides the thicker human hand which absorbs more power, the thickness also results in a much closer location of AE-3 with the hand phantom than other antenna placements in data mode. When the location of AE-3 is moved further away from this hand (from 0.85λ to 0.11λ in the LB and from 1.41λ to 0.11λ in UB), TE starts to gradually increase as shown in Figure 5 (b). The maximum TE for AE-3 is observed when the separation is at 0.14λ in LB and 0.23λ in UB. Note that when D = 0.11λ, some discontinuity in TE is observed in UB, possibly caused by the higher mutual coupling between AE-2 and AE-3. The worst case scenario observed in terms of TE is when λ is less than 0.07 for LB and 0.11 for HB, as can be observed in the sudden degradation of TE for all AEs.
Average Radiation Efficiency and Average Matching Efficiency
From the TE, the values for radiation efficiency (RE) and matching efficiency (ME) can be further calculated. Simulations show that both matching and radiation efficiency are significantly affected with the different antenna locations on the chassis. Figure 6 shows the simulated average RE as a function of antenna separation on the chassis for seven different locations in the LB (from 3.34 to 3.84 GHz) and UB (from 5.15 to 6.52 GHz). It is shown in the Figure 6 that the RE of AE-2 remains constantly high for all locations, due to the absence of interaction between this AE and the user's hand. Meanwhile, the efficiency for AE-1 also shows constant value for all locations due to the consistency of the finger position holding the terminal throughout all simulations. On the contrary, a large change in efficiency is seen with a larger hand thickness around AE-3. Figure 6 also indicates that the increase of the longitudinal distance between the AEs decreases the efficiency of AE-3. This is due to a much closer distance of AE-3 to the thicker human hand tissues in both LB and UB. On the other hand, the maximum radiation efficiency for AE-4 is found at D = 0.85λ and 1.41λ in LB and UB, respectively. Similarly, the average ME is calculated in Figure 7 for both LB and UB. 
VALIDATION OF SIMULATED RESULTS
Upon completion of the analysis of the location of AE-3 and AE-4 of the reference antenna using the user's right hand, the optimized AE location on the mobile terminal chassis with best performance is determined and shown in Figure 8 . The proposed AUT is then fabricated, as shown in Figure 9 and integrated with a casing for assessment when being held in a user's right hand. The S-parameters are first measured and compared with simulation in FS, as shown in Figure 10 , indicating a good agreement between them. It can be seen that the measured impedance bandwidth in LB is 0.5 GHz (from 3.34 to 3.84 GHz), and the bandwidth obtained in UB is 1.37 GHz (from 5.15 to 6.52 GHz). This indicates its suitability for sub-6 GHz 5G applications based on a S 11 limit of less than −6 dB. The maximum isolations at these center frequencies are summarized in Table 1 . Next, the antenna is placed on the right hand phantom as shown in Figure 9 (c). It is noticed that the index finger is pointed towards AE-1, while AE-2 is unobstructed by user's finger. It is also expected that if a left hand phantom is used, the results from this investigation are expected vice versa, due to the symmetry of the AEs. The measured S-parameters of the proposed antenna with the casing is shown in Figure 11(a) . A good agreement is found between simulated and measured results, with slight differences possibly caused by imperfect SMA connector assembly. Based on the measured results the AUT with casing operates from 3.24 to 3.76 GHz (in LB) and from 5.02 to 6.48 GHz (in UB). Shifts of 100 MHz and 130 MHz are observed in LB and UB due to the effects of the dielectric casing's proximity to the AEs. Meanwhile, Figure 11 in resonant frequency due to dielectric loading of the user's hand on the mobile terminal. Note that in Figure 11(a) , only the reflection coefficient (S 11 ) and isolations (S 12 , S 13 , S 14 , S 23 , S 24 and S 34 ) from selected ports are shown due to the symmetry of the design. However, for the assessment with user's hand (Figure 11(b) ), all S-parameters are illustrated due to the difference in AE behavior in the presence of the user's hand. The operating regions of the proposed antenna in free space are shaded in Figures 11(a) and (b) to facilitate the assessment in terms of resonant frequency shift in proximity of the casing and hand.
(a) (b) Figure 13 . Simulated and measured total efficiency, (a) for AE-1, and AE-2; and (b) for AE-3 and AE-4.
CONCLUSION
This paper investigates the effects of the user's hand on the impedance matching, bandwidth and efficiency of a dual-band, four-port mobile terminal antenna for sub-6 GHz 5G applications. These impacts have been studied within the antenna operation from 3.34 to 3.84 GHz (in the lower band) and from 5.15 to 6.52 GHz (in the upper band) relative to its performance inside a casing and in free space. These simulations, which are validated experimentally, are also in good agreement with each other. From the detailed trends of the impedance matching, bandwidth and efficiency gathered from this investigation, it can be concluded that the best antenna performance depends on the location of its elements on the mobile terminal chassis with respect to the user's hand, besides the operating frequency. This is mainly due to the effects of the dielectric loading and power absorption by the user's hand when holding the mobile terminal, which affects its near-field behavior. The presented study provides useful insights for engineers in designing antennas with multiple elements while simultaneously accounting for the effects of the user's hand. Moreover, the use of a planar inverted-F antenna, which is a popularly used topology for mobile terminals, is expected to facilitate the design process for future 5G mobile terminals.
